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ABSTRACT
This paper presents new deep and wide narrow-band surveys undertaken with UKIRT, Subaru
and the VLT; a unique combined effort to select large, robust samples of Hα star-forming
galaxies at z = 0.40, 0.84, 1.47 and 2.23 (corresponding to look-back times of 4.2, 7.0, 9.2
and 10.6 Gyrs) in a uniform manner over ∼ 2 deg2 in the COSMOS and UDS fields. The
deep multi-epoch Hα surveys reach a matched 3σ flux limit of ≈ 3M yr−1 out to z = 2.2
for the first time, while the wide area and the coverage over two independent fields allow to
greatly overcome cosmic variance and assemble by far the largest samples of Hα emitters.
Catalogues are presented for a total of 1742, 637, 515 and 807 Hα emitters, robustly selected
at z = 0.40, 0.84, 1.47 and 2.23, respectively, and used to determine the Hα luminosity
function and its evolution. The faint-end slope of the Hα luminosity function is found to be
α = −1.60 ± 0.08 over z = 0 − 2.23, showing no significant evolution. The characteristic
luminosity of SF galaxies, L∗Hα, evolves significantly as log L
∗
Hα(z) = 0.45z + log L
∗
z=0.
This is the first time Hα has been used to trace SF activity with a single homogeneous survey
at z = 0.4−2.23. Overall, the evolution seen with Hα is in good agreement with the evolution
seen using inhomogeneous compilations of other tracers of star formation, such as FIR and
UV, jointly pointing towards the bulk of the evolution in the last 11 Gyrs being driven by a
statistically similar SF population across cosmic time, but with a strong luminosity increase
from z ∼ 0 to z ∼ 2.2. Our uniform analysis allows to derive the Hα star formation history
of the Universe (SFRH), showing a clear rise up to z ∼ 2.2, for which the simple parametri-
sation log10 ρSFR = −2.1(1 + z)−1 is valid over 80 per cent of the age of the Universe. The
results reveal that both the shape and normalisation of the Hα SFRH are consistent with the
measurements of the stellar mass density growth, confirming that our Hα SFRH is tracing the
bulk of the formation of stars in the Universe for z < 2.23. The star formation activity over
the last ∼ 11 Gyrs is responsible for producing ∼ 95 per cent of the total stellar mass density
observed locally, with half of that being assembled in 2 Gyrs between z = 1.2–2.2, and the
other half in 8 Gyrs (since z < 1.2). If the star-formation rate density continues to decline
with time in the same way as seen in the past ∼ 11Gyrs, then the stellar mass density of the
Universe will reach a maximum which is only 5 per cent higher than the present-day value.
Key words: galaxies: high-redshift, galaxies: luminosity function, cosmology: observations,
galaxies: evolution.
? This work is based on observations obtained using the Wide Field CAM-
era (WFCAM) on the 3.8m United Kingdom Infrared Telescope (UKIRT),
as part of the High-redshift(Z) Emission Line Survey (HiZELS; U/CMP/3
and U/10B/07). It also relies on observations conducted with HAWK-I on
the ESO Very Large Telescope (VLT), program 086.7878.A, and observa-
tions obtained with Suprime-Cam on the Subaru telescope (S10B-144S).
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1 INTRODUCTION
Observational studies show that star formation activity in galax-
ies, as measured through the star formation rate density (ρSFR)
in the Universe, has been decreasing significantly with time (e.g.
Lilly et al. 1996). Nevertheless, while surveys reveal that ρSFR rises
steeply out to at least z ∼ 1 (e.g. Hopkins & Beacom 2006), de-
termining the redshift where ρSFR might have peaked at z > 1
is still an open problem. This is because the use of different tech-
niques/indicators (affected by different biases, dust extinctions and
with different sensitivities – and that can only be used over lim-
ited redshift windows) results in a very blurred and scattered under-
standing of the star formation history of the Universe. Other prob-
lems/limitations result from the difficulty of obtaining both large-
area, large-sample, clean and deep observations (to overcome both
cosmic variance, and avoid large extrapolations down to faint lumi-
nosities).
One way to make significant progress in our understanding of
star formation at high redshifts is through the use of narrow-band
imaging techniques. These can provide sensitive wide-field surveys
to select star-forming galaxies through a single emission line and
track it out to high redshift as it shifts from the optical into the near-
IR. While there are a number of emission lines which are used to
trace star formation, Hα is by far the best at z < 3,1 as it provides
a sensitive census of star formation activity, is well-calibrated, and
suffers only modest extinction in typical star-forming galaxies (e.g.
Gilbank et al. 2010; Garn et al. 2010; Sobral et al. 2012), in contrast
to shorter-wavelength emission lines. Furthermore, Hα is also a
much better estimate of the instantaneous star formation rate when
compared to other widely used tracers, such as UV, FIR, or radio,
as it sensitive to the presence of the most massive stars only, which
are very short-lived. Even longer wavelength star-formation tracing
emission lines, such as the Paschen series lines, are less affected by
dust extinction, but they are intrinsically fainter than Hα (e.g. Paα
is intrinsically ∼ 10× weaker than Hα for a typical star-forming
galaxy) and hence provide much less sensitive surveys out to lower
redshifts.
Hα surveys have been carried out by many authors (e.g.
Bunker et al. 1995; Malkan et al. 1996), but they initially resulted
in a relatively low number of sources for z > 0.5 surveys. Fortu-
nately, the development of wide field near-IR detectors has recently
allowed a significant increase in success: at z ∼ 2, narrow-band
surveys such as Moorwood et al. (2000), which could only detect
a handful of emitters, have been rapidly extended by others, such
as Geach et al. (2008), increasing the sample size by more than an
order of magnitude. Substantial advances have also been obtained
at z ∼ 1 (e.g. Villar et al. 2008; Sobral et al. 2009a; Ly et al. 2011).
Other Hα surveys have used dispersion prisms on HST to make
progress (e.g. McCarthy et al. 1999; Yan et al. 1999; Hopkins et al.
2000; Shim et al. 2009), and there is promising work being con-
ducted using the upgraded WFC3-grism (e.g. WISP or 3D-HST;
Atek et al. 2010; Straughn et al. 2011; van Dokkum et al. 2011).
HiZELS, the High-redshift(Z) Emission Line Survey2 (Geach
et al. 2008; Sobral et al. 2009a, 2012, hereafter S09 and S12) is
1 It may be possible to extend Hα studies to even higher redshifts: Shim
et al. (2011) suggest that Spitzer IRAC mid-IR fluxes can be used to detect
strong Hα emission at even higher redshifts (z ∼ 4). NIRCAM and NIRISS
on the James Webb Space Telescope will obviously significantly expand the
exploration of Hα emission at such high redshifts.
2 For more details on the survey, progress and data releases, see
http://www.roe.ac.uk/ifa/HiZELS/
Table 1. Narrow-band filters used to conduct the multi-epoch surveys for
Hα emitters, indicating the central wavelength (µm), full width at half max-
imum (FHWM), the redshift range for which the Hα line is detected over
the filter FWHM, and the corresponding volume (per square degree) sur-
veyed (for the Hα line). Note that the NB921 filter provides an [OII] survey
which precisely matches the Hα z = 1.47 survey, and also a [OIII] survey
which broadly matches the z = 0.84 Hα survey. The NBJ and NBH filters
also provide [OII] 3727 and [OIII] 5007 surveys, respectively, which match
the z = 2.23 NBK Hα survey.
NB filter λc FWHM z Hα Volume (Hα)
(µm) (A˚) (104 Mpc3 deg−2)
NB921 0.9196 132 0.401±0.010 5.13
NBJ 1.211 150 0.845±0.015 14.65
NBH 1.617 211 1.466±0.016 33.96
NBK 2.121 210 2.231±0.016 38.31
HAWK-I H2 2.125 300 2.237±0.023 54.70
a Campaign Project using the Wide Field CAMera (WFCAM) on
the United Kingdom Infra-Red Telescope (UKIRT), as well as the
Suprime-Cam on the Subaru Telescope and the HAWK-I camera on
VLT. On UKIRT, HiZELS exploits specially-designed narrow-band
filters in the J andH bands (NBJ and NBH), along with the H2S(1)
filter in theK band (hereafter NBK), to undertake panoramic, deep
surveys for line emitters. The Subaru observations provide a com-
parable survey at z = 0.40 using the NB921 filter on Suprime-
Cam, while the HAWK-I observations extend the UKIRT survey to
fainter limits at z = 2.23 over a smaller area. The combined ele-
ments of HiZELS primarily target the Hα emission line (but also
other lines e.g. Sobral et al. 2009b) redshifted into the red or near-
infrared at z = 0.40, z = 0.84, z = 1.47 and z = 2.23 (see Best
et al. 2010), while the NBJ and NBH filters also detect [OII] 3727
and [OIII] 5007 emitters at z = 2.23, matching the NBK Hα cov-
erage at the same redshift.
One of the main aims of HiZELS is to provide measurements
of the evolution of the Hα luminosity function from z = 0.0 to
z = 2.23 (but also other properties, such as clustering, environ-
ment and mass dependences; c.f. Sobral et al. 2010, 2011; Geach
et al. 2012). The first results (Geach et al. 2008, S09; S12) indicate
that the Hα luminosity function evolves significantly, mostly due to
an increase of about one order of magnitude in L∗Hα, the character-
istic Hα luminosity, from the local Universe to z = 2.23 (S09). In
addition, Sobral et al. (2011) found that at z = 0.84 the faint-end
slope of the luminosity function (α) is strongly dependent on the
environment, with the Hα luminosity function being much steeper
in low density regions and much shallower in the group/cluster en-
vironments.
However, even though the progress has been quite remarkable,
significant issues remain to be robustly addressed for a variety of
reasons. For example, is the faint-end slope of the Hα luminosity
function (α) becoming steeper from low to high redshift? Results
from Hayes et al. (2010) point towards a steep faint-end slope at
z > 2. However, Hayes et al. did not sample the bright end, and
have only targeted one single field over a relatively small area, and
thus cosmic variance could play a huge role. Tadaki et al. (2011)
find a much shallower α at z ∼ 2 using Subaru. Furthermore, mea-
surements so far rely on different data, obtained down to different
depths and using different selection criteria. Additionally, differ-
ent ways of correcting for completeness (c.f. for example Ly et al.
2011), filter profiles or contamination by the [NII]λλ6548,6583.6
lines can also lead to significant differences. How much of the evo-
c© 2012 RAS, MNRAS 000, 1–19
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Table 2. Observation log of all the narrow-band observations obtained over the COSMOS and UDS fields, taken using WFCAM on UKIRT, HAWK-I on the
VLT, and Suprime-Cam on Subaru, during 2006–2012. Limiting magnitudes (3σ, all in Vega) are the average of each field/pointing, based on the measurements
of 104-106 randomly placed 2′′ apertures in each frame, but note that for COSMOS (NBH and NBK) the central 4 pointings overlap with part of the outer
pointings (see Figure 2), making the central region data up to 0.3-0.4 mag deeper, by doubling/tripling the exposure time.
Field Band R.A. Dec. Int. time FHWM Dates mlim(Vega)
(filter) (J2000) (J2000) (ks) (′′) (3σ)
COSMOS-1 NB921 09 59 23 +02 30 29 2.9 0.9 2010 Dec 9 24.4
COSMOS-2 NB921 10 01 34 +02 30 29 2.9 0.9 2010 Dec 9 24.5
COSMOS-3 NB921 09 59 23 +02 04 16 2.9 0.9 2010 Dec 9 24.5
COSMOS-4 NB921 10 01 34 +02 04 16 2.9 0.9 2010 Dec 9 24.5
UKIDSS-UDS C NB921 02 18 00 −05 00 00 30.0 0.8 2005 Oct 29, Nov 1, 2007 Oct 11−12 26.6
UKIDSS-UDS N NB921 02 18 00 −04 35 00 37.8 0.9 2005 Oct 30,31, Nov 1, 2006 Nov 18, 2007 Oct 11,12 26.7
UKIDSS-UDS S NB921 02 18 00 −05 25 00 37.1 0.8 2005 Aug 29, Oct 29, 2006 Nov 18, 2007 Oct 12 26.6
UKIDSS-UDS E NB921 02 19 47 −05 00 00 29.3 0.8 2005 Oct 31, Nov 1, 2006 Nov 18, 2007 Oct 11,12 26.6
UKIDSS-UDS W NB921 02 16 13 −05 00 00 28.1 0.8 2006 Nov 18, 2007 Oct 11,12 26.0
COSMOS-NW(1) NBJ 10 00 00 +02 10 30 19.7 0.8 2007 Jan 14–16 22.0
COSMOS-NE(2) NBJ 10 00 52 +02 10 30 23.8 0.9 2006 Nov 10; 2007 Jan 13–14 22.0
COSMOS-SW(3) NBJ 10 00 00 +02 23 44 18.9 0.9 2007 Jan 15–17 22.0
COSMOS-SE(4) NBJ 10 00 53 +02 23 44 17.1 1.0 2007 Jan 15, 17; Feb 13, 14, 16 21.9
UKIDSS-UDS NE NBJ 02 18 29 −04 52 20 20.9 0.8 2007 Oct 21–23 22.0
UKIDSS-UDS NW NBJ 02 17 36 −04 52 20 22.4 0.9 2007 Oct 20–21 22.1
UKIDSS-UDS SE NBJ 02 18 29 −05 05 53 19.6 0.9 2007 Oct 23, 24 22.0
UKIDSS-UDS SW NBJ 02 17 38 −05 05 34 22.4 0.8 2007 Oct 19, 21 22.0
COSMOS-NW(1) NBH 10 00 00 +02 10 30 12.5 1.0 2009 Feb 27; Mar 1-2 21.1
COSMOS-NE(2) DEEP NBH 10 00 52 +02 10 30 107.0 0.9 2009 Feb 28; Apr 19; May 22; 2011 Jan 26–30 22.2
COSMOS-SW(3) NBH 10 00 00 +02 23 44 14.0 0.7 2010 Apr 2 21.0
COSMOS-SE(4) NBH 10 00 53 +02 23 44 18.1 1.0 2009 Mar 2; Apr 30; May 22; 2010 Apr 3 20.8
COSMOS-A NBH 10 00 01 +02 36 53 12.6 1.0 2010 Apr 9; 2011 Jan 25 21.1
COSMOS-B NBH 10 00 54 +02 36 30 12.6 0.9 2010 Apr 8-9 21.0
COSMOS-C NBH 10 00 01 +01 57 10 13.0 0.8 2010 Apr 6-8 20.8
COSMOS-D NBH 10 00 52 +01 57 15 14.2 0.8 2010 Apr 7-8 21.0
COSMOS-E NBH 09 59 07 +02 23 44 12.6 0.8 2010 Apr 3-6 20.9
COSMOS-F NBH 09 59 07 +02 10 30 12.6 0.7 2010 Apr 4 21.1
COSMOS-G NBH 10 01 46 +02 23 44 14.5 0.8 2010 Apr 4 & 9 21.0
COSMOS-H NBH 10 01 48 +02 10 51 14.0 0.8 2010 Apr 6 & 9 20.8
UKIDSS-UDS NE NBH 02 18 29 −04 52 20 18.2 0.9 2008 Sep 28-29; 2009 Aug 16-17; 2010 Jul 22 21.3
UKIDSS-UDS NW NBH 02 17 36 −04 52 20 18.0 0.9 2008 Sep 25, 29; 2010 Jul 18, 22 20.9
UKIDSS-UDS SE NBH 02 18 29 −05 05 53 25.2 0.8 2008 Sep 25, 28-29; 2009 Aug 16-17 21.5
UKIDSS-UDS SW NBH 02 17 38 −05 05 34 19.6 0.9 2008 Oct-Nov; 2009 Aug 16-17; 2010 Jul 23 21.3
COSMOS-NW(1) NBK 10 00 00 +02 10 30 24.3 0.9 2006 Dec 17, 19–20; 2008 May 11; 2009 Feb 27 21.0
COSMOS-NE(2) DEEP NBK 10 00 52 +02 10 30 62.5 0.9 2006 May 20–21; Dec 20; 2008 Mar 6-9 21.3
COSMOS-SW(3) NBK 10 00 00 +02 23 44 20.0 0.9 2006 May 22, 24, Dec 20; 2009 May 20 20.8
COSMOS-SE(4) NBK 10 00 53 +02 23 44 19.5 0.9 2006 Nov 13–15, 30; Dec 16 20.9
COSMOS-A NBK 10 00 01 +02 36 53 20.0 1.0 2011 Mar 19-26; 2012 Mar 20 21.0
COSMOS-B NBK 10 00 54 +02 36 30 20.0 0.9 2011 Mar 25-26 20.8
COSMOS-C NBK 10 00 01 +01 57 10 26.7 0.9 2011 Mar 27, 30; Apr 3-5, 16-18 20.9
COSMOS-D NBK 10 00 52 +01 57 15 20.0 0.9 2011 Mar 30; Jun 6; 2012 Jan 5,18; Feb 26; Mar 2 20.9
COSMOS-E NBK 09 59 07 +02 23 44 20.0 0.8 2011 Mar 30; May 18-23, 30 20.7
COSMOS-F NBK 09 59 07 +02 10 30 20.0 0.9 2011 Dec 18; 2012 Mar 2, 17 20.8
COSMOS-G NBK 10 01 46 +02 23 44 20.0 0.9 2012 Mar 18-19 20.9
COSMOS-H NBK 10 01 48 +02 10 51 20.0 0.8 2012 Mar 19-20 20.7
UKIDSS-UDS NE NBK 02 18 29 −04 52 20 19.2 0.8 2005 Oct 18; 2006 Nov 13-14 20.7
UKIDSS-UDS NW NBK 02 17 36 −04 52 20 20.0 0.9 2006 Nov 11 20.8
UKIDSS-UDS SE NBK 02 18 29 −05 05 53 18.7 0.8 2006 Nov 15-16 20.7
UKIDSS-UDS SW NBK 02 17 38 −05 05 34 23.6 0.8 2007 Sep 30 20.9
COSMOS-HAWK-I H2 10 00 00 +02 10 30 19.4 0.9 2009 Apr 10, 14-15, 18; May 13-14 21.5
UKIDSS-UDS-HAWK-I H2 02 17 36 −04 52 20 19.1 1.0 2009 Aug 16, 19, 24, 27 21.7
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Figure 1. The broad- and narrow-band filter profiles used for the analysis.
The narrow-band filters in the z′, J , H and K bands (typical FWHM of
≈ 100 − 200 A˚) trace the redshifted Hα line at z = 0.4, 0.84, 1.47, 2.23
very effectively, while the (scaled) broad-band imaging is used to estimate
and remove the contribution from the continuum. Note that because the fil-
ters are not necessary located at the center of the respective broad-band
transmission profile, very red/blue sources can produce narrow-band ex-
cesses which mimic emission lines; that is corrected by estimating the con-
tinuum colour of each source and correcting for it.
lution is in fact real, and how much is a result of different ways
of estimating the Hα luminosity function? This can only be fully
quantified with a completely self-consistent multi-epoch selection
and analysis. Another issue which still hampers the progress is
overcoming cosmic variance and probing a very wide range of en-
vironments and stellar masses at z > 1. Large samples of homo-
geneously selected star-forming galaxies at different epochs up to
z > 2 would certainly be ideal to provide strong tests on our un-
derstanding of how galaxies form and how they evolve.
In order to clearly address the current shortcomings and pro-
vide the data that is required, we have undertaken by far the largest
area, deep multi-epoch narrow-band Hα surveys over two differ-
ent fields. By doing so, both faint and bright populations of equally
selected Hα emitters at z = 0.4, 0.84, 1.47 and 2.23 have been
obtained, using 4 narrow band filters (see Figure 1 and Table 1).
This paper presents the narrow-band imaging and results obtained
with the NB921, NBJ, NBH, NBK and H2 filters on Subaru, the
United Kingdom InfraRed Telescope (UKIRT) and the Very Large
Telescope (VLT), over a total of ∼ 2 deg2 in the Cosmological
Evolution Survey (COSMOS; Scoville et al. 2007) and the SXDF
Subaru-XMM–UKIDSS Ultra Deep Survey (UDS; Lawrence et al.
2007) fields.
The paper is organised as follows: §2 describes the observa-
tions, data reduction, source extraction, catalogue production, se-
lection of line emitters, and the samples of Hα emitters. In §3, after
estimating and applying the necessary corrections, the Hα luminos-
ity functions are derived at z = 0.4, 0.84, 1.47 and 2.23, together
with an accurate measurement of their evolution at both bright and
faint ends. In §4 the star formation rate density at each epoch is
also evaluated and the star formation history of the Universe is pre-
sented. §4 also discusses the results in the context of galaxy forma-
tion and evolution in the last 11 Gyrs, including the inferred stel-
lar mass density growth. Finally, §5 presents the conclusions. An
H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7 cosmology is
used. Narrow-band magnitudes in the near-infrared and the associ-
ated broad-band magnitudes are in the Vega system, except when
noted otherwise (e.g. for colour-colour selections). NB921 and z′
magnitudes are given in the AB system (except in Table 2, where
they are given in Vega for direct comparison).
2 DATA AND SAMPLES
2.1 Optical NB921 imaging with Subaru
Optical imaging data were obtained with Suprime-Cam using the
NB921 narrow-band filter. Suprime-Cam consists of 10 CCDs with
a combined field of view of 34′×27′ and with chip gaps of∼ 15′′.
The NB921 filter is centered at 9196 A˚ with a FWHM of 132 A˚.
The COSMOS field was observed in service mode in December
2010 with four different pointings covering the central 1.1 deg2.
Total exposure times were 2.9 ks per pointing, composed of indi-
vidual exposures of 360 s dithered over 8 different positions. Ob-
servations are detailed in Table 2. The UDS field has also been
observed with the NB921 filter (see Ouchi et al. 2010), and these
data have been extracted from the archive. Full details of the data
reduction and catalogue production of the UDS data were presented
by S12 and the same approach was adopted for the COSMOS data.
In brief, all the raw NB921 data were reduced with the Suprime-
Cam Deep field REDuction package (SDFRED, Yagi et al. 2002;
Ouchi et al. 2004) and IRAF. The combined images were aligned
to the public z′-band images of Subaru-XMM Deep Survey or the
COSMOS field and PSF matched (FWHM= 0.9′′). The NB921
zero points were determined using z′ data, so that the (z′-NB921)
colours are consistent with a median of zero for z′ between 19 and
21.5 – where both NB921 and z′ images are unsaturated and have
very high signal-to-noise ratios.
Source detection and photometry were performed using SEX-
TRACTOR (Bertin & Arnouts 1996). Sources were detected on each
individual NB921 image and magnitudes measured with 2′′ and 3′′
diameter apertures. The 3′′ apertures are used to select and mea-
sure Hα line fluxes: at z = 0.4 the 3′′ apertures measure the same
physical area as 2′′ apertures at z = 0.8, 1.47, 2.23 (≈ 16 kpc), as-
suring full consistency. The 2′′ apertures are used to measure emis-
sion lines from sources at higher redshift ([OII] at z = 1.47, to
match the NBH Hα measurement at the same redshift, and [OIII]
at z = 0.84 to match the NBJ Hα survey). The average NB921 3σ
limiting magnitudes (in 2′′ apertures) are given in Table 2.
2.2 Near-infrared imaging with UKIRT
The COSMOS and UKIDSS UDS fields were observed with WF-
CAM on UKIRT as summarised in Table 2, using the NBJ, NBH
and NBK narrow-band filters, with central wavelengths and FWHM
given in Table 1. WFCAM’s has four 2048×2048 0.4′′ pixel−1 de-
tectors offset by ∼ 20′, resulting in a non-contiguous field of view
of ∼ 27′ × 27′ which can be macrostepped four times to cover
a contiguous region of ∼ 55′ × 55′. Observations were conducted
over 2006–2012, covering 1.6 deg2 (NBJ) and 2.34 deg2 (NBH and
NBK) over the COSMOS and the UDS fields (see Table 2).
The coverage over UDS is a simple mosaic obtained with 4
different pointings, covering a contiguous region of ∼ 55′ × 55′.
For the COSMOS field, an initial 0.8 deg2 coverage obtained with
4 WFCAM pointings was complemented in NBH and NBK by 8
further WFCAM pointings, macro-jittered to obtain a combined
1.6 deg2 coverage with increasing exposure time per pixel towards
the centre of the field (see Figure 2). Part of the central region
c© 2012 RAS, MNRAS 000, 1–19
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Figure 2. The survey strategy used to cover the COSMOS field. The cen-
tral pointings (1,2,3,4; see Table 2) were complemented with further point-
ings (A to H) to both increase the surveyed area, and increase the exposure
time in the central area. The region delimited by the dashed line shows
the NB921 coverage obtained in COSMOS. See Table 2 for details on the
pointings, including exposure times.
(∼ 0.2 deg2) benefits further from some significant extra deep data
both in NBH and NBK (see Table 2), leading to a much higher total
exposure time.
A dedicated pipeline has been developed for HiZELS
(PfHiZELS, c.f. S09 for more details). The pipeline has been mod-
ified and updated since S09 mostly to 1) improve the flat-fielding3
and 2) provide more accurate astrometric solutions for each individ-
ual frame which result in a more accurate stacking4. The updated
version of the pipeline (PfHiZELS2012) has been used to reduce all
UKIRT narrow band data (NBJ, NBH and NBK), including those
already presented in previous papers. This approach guarantees a
complete self-consistency and takes advantage of the improved re-
duction which, in some cases, is able to go deeper by ≈ 0.2 mag
when compared to the data reduced by the previous version of the
pipeline (e.g. S09).
For the COSMOS field, in order to co-add frames taken with
different WFCAM cameras (due to the survey strategy, see Fig-
ure 2), SCAMP is used (in combination with SDSS-DR7) to obtain
accurate astrometry solutions which account for distortions in each
stack (in addition to individual frames being corrected prior to com-
bining) before co-adding different fields. The typical rms is< 0.1′′,
by using on average ∼ 500 sources per chip. By following this ap-
proach, even at the highest radial distances (r > 1000 pix) from the
centre of the images the PSF/ellipticity remains unchanged due to
stacking, and the data over areas that double/triple the expose time
3 The improvements in the flat-fielding are obtained by stacking all second-
pass flattened frames per field and producing source masks on the stacked
images. Masks are then used to produce third pass flats using all the frames
in the jitter sequence except the frame being flattened. The third-pass flat-
tened frames are then stacked again, and the procedure is repeated another
time. This procedure is able to both mask many sources which are unde-
tected in individual frames out of the flats, but particularly to mask bright
sources much more effectively, as the stacking of all images reveals a wider
distribution of flux from those sources.
4 IRAF and SCAMP (Bertin et al. 2000) is used to distort correct the frames
and obtain a very accurate (rms ≈ 0.1 − 0.2′′) astrometric solution for
each frame (using 2MASS), always assuring that the flux is conserved.
are found to become deeper by (on average) 0.3-0.4 mags, with no
radial change in the PSF.
Narrow-band images were photometrically calibrated (inde-
pendently) by matching ∼ 100 stars per frame with J , H and K
between the 12th an 16th magnitudes from the 2MASS All-Sky
catalogue of Point Sources (Cutri et al. 2003) which are unsat-
urated in the narrow-band images. WFCAM images are affected
by cross-talk and other artifacts caused by bright stars: accurate
masks are produced in order to reject such regions. Sources were
extracted using SEXTRACTOR (Bertin & Arnouts 1996), making
use of the masks. Photometry was measured in apertures of 2′′ di-
ameter which at z = 0.8 − 2.2 recover Hα fluxes over ≈ 16 kpc.
The average 3σ depths of the entire set of NB frames vary sig-
nificantly, and are summarised in Table 2. The total numbers of
sources detected with each filter are given in Table 3. Note that the
central region of COSMOS NBH and NBK coverages benefits from
a much higher total exposure time per pixel, resulting in data that
are deeper by 0.3–0.4 mag (on average) than the outer regions.
2.3 Near-infrared H2 imaging with HAWK-I
The UKIDSS UDS and COSMOS fields were observed with the
HAWK-I instrument (Pirard et al. 2004; Casali et al. 2006) on the
VLT during 2009. A single dithered pointing was obtained in each
of the fields using the H2 filter, characterised by λc = 2.124µm
and δλ = 0.030µm (note that the filter is slightly wider than that
on WFCAM). Individual exposures were of 60 s, and the total ex-
posure time per field is 5 hours. Table 2 presents the details of the
observations and depth reached.
Data were reduced using the HAWK-I ESO pipeline recipes,
by following an identical reduction scheme/procedure to the WF-
CAM data. The data have also been distortion corrected and as-
trometrically calibrated before combining, using the appropriate
pipeline recipes. After combining all the individual reduced frames
it is possible to obtain a contiguous image of ≈ 7.5 × 7.5 arc
min2 in each of the fields. There are, nonetheless, small regions
with slightly lower exposure time per pixel in regions related with
chip gaps at certain positions. Because of the availability of the
very wide WFCAM imaging, regions in the HAWK-I combined
images for which the exposure time per pixel is < 80% of the to-
tal are not considered. Frames are photometrically calibrated using
2MASS as a first pass, and then using UDS and COSMOS Ks cal-
ibrated images to guarantee a median 0 colour (K-NBK ) for all
magnitudes probed, as this procedure provides a larger number of
sources. Similarly to the procedure used for WFCAM data, sources
were extracted using SEXTRACTOR and photometry was measured
in apertures of 2′′ diameter.
2.4 Narrowband excess selection
In order to select potential line emitters, broad-band (BB) imag-
ing is used in the z′, J , H and Ks bands to match narrow-band
(NB) imaging in the NB921, NBJ, NBH and NBK/H2, respec-
tively. Count levels on the broad-band images are scaled down to
match the counts (of 2MASS sources) for each respective narrow-
band image, in order to guarantee a median zero colour, and a com-
mon counts-to-magnitude zero point. Sources are extracted from
BB images using the same aperture sizes used for NB images
and matched to the NB catalogue with a search radius of < 0.9′′.
Note, however, that none of the narrow-band filters fall at the centre
of the broad-band filters (see Figure 1). Thus, objects with signifi-
cant continuum colours will not have BB −NB = 0; this can be
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corrected with broad-band colours (c.f. S12), in order to guarantee
that BB−NB distribution is centred on 0 and has no dependence
on continuum broad-band colours. Average colour corrections5 are
given by:
(z′−NB921)AB = (z′−NB921)0,AB−0.05(JAB−z′AB)−0.04
(J−NBJ) = (J−NBJ)0 − 0.09(z′AB − JAB) + 0.11
(H−NBH) = (H−NBH)0 + 0.07(JAB −HAB) + 0.06
(K−NBK) = (K−NBK)0 − 0.02(HAB −KAB) + 0.04
Potential line emitters are then selected according to the sig-
nificance of their (BB − NB) colour, as they will have (BB −
NB) > 0. True emitters are distinguished from those with positive
colours due to the scatter in the magnitude measurements by quan-
tifying the significance of the narrowband excess. The parameter Σ
(see Bunker et al. 1995) quantifies the excess compared to the ran-
dom scatter expected for a source with zero colour, as a function of
narrow-band magnitude (see e.g. S09), and is given by:
Σ =
1− 10−0.4(BB−NB)
10−0.4(ZP−NB)
√
pir2ap(σ2NB + σ
2
BB)
, (1)
where ZP is the zero point of theNB (andBB, as those have been
scaled to have the same ZP as NB images), rap is the aperture
radius (in pixels) used, and σNB and σBB are the rms (per pixel) of
the NB and BB images, respectively.
Here, potential line emitters are selected if Σ > 3.0 (see Fig-
ure 3). The spread on the brighter end (narrow-band magnitudes
which are not saturated, but for which the scatter is not affected by
errors in the magnitude, i.e., much brighter than the limit of the im-
ages) is quantified for each data-set and frame, and the minimum
(BB −NB) colour limit over bright magnitudes is set by the 3×
the standard deviation of the excess colour over such magnitudes
(sb). A common rest-frame EW limit of EW0 = 25 A˚ is applied,
guaranteeing a limit higher than the 3 × sb dispersion over bright
magnitudes in all bands. The combined selection criteria guarantees
a clean selection of line emitters and, most importantly, it ensures
that the samples of Hα emitters are selected down to the same rest-
frame EW, allowing one to quantify the evolution across cosmic
time. An example of this selection for the full COSMOS NBK data
is shown in Figure 3 and the reader is referred to e.g. S09 and S12
for further examples.
As a further check on the selection criteria, the original imag-
ing data are used to produceBB andNB postage stamp images of
all the sources. The BB is subtracted from the NB image leaving
the residual flux. From visual inspection these residual images con-
tain obvious narrow band sources and it is found that the remaining
flux correlates well with the catalogue significance.
2.5 The samples of NB line emitters
Narrow-band detections below the estimated 3σ detection thresh-
old were not considered. By using colour-colour diagnostics (see
S12), potential stars are identified in the sample and rejected as
well (the small fraction varies from band to band; see Table 3). The
sample of remaining potential emitters (Σ > 3 & EW0 > 25 A˚;
see Table 3 for numbers) is visually checked to identify spurious
5 Sources for which one of the broad-band colours is not available (typi-
cally 5 per cent of the sources) are assigned the median correction. The me-
dian corrections are: −0.04, +0.07, +0.05 and +0.03 for NB921, NBJ,
NBH and NBK respectively.
Figure 3. Narrow-band excess as a function of narrow-band magnitude for
NBK (Vega magnitudes) data over the full COSMOS coverage (1.6 deg2).
These show > 3σ detections in narrow-band imaging and the solid line
present the average 3.0 Σ colour significance for NBK (for the average
depth, but note that the analysis is done individually for each frame, and that
there are variations in depth ip to 0.6 mag difference). Hα sources shown
are narrow-band emitters which satisfy all the Hα selection criteria fully
described in Section 2.6. The horizontal dashed line presents the equivalent
width cut used for NBK data – corresponding to a z = 2.23 rest-frame EW
limit of 25 A˚ for Hα+[NII]; this is the same rest-frame equivalent width
used at all redshifts.
sources, artifacts which might not have been masked, or sources
being identified in very noisy regions (see Table 3). Sources classed
as spurious/artifacts are removed from the sample of potential emit-
ters. The final samples of line emitters are then derived.
As a further test of the reliability of the line emitter samples, it
can be noted that since the HAWK-I observations are both deeper
and obtained over a larger redshift slice (due to a wider filter pro-
file) when compared to WFCAM, they should be able to confirm
all NBK emitters over the matched area. This is confirmed, as all
10 emitters which are detected with WFCAM in the matched area
are recovered by HAWK-I data as well.
The catalogues, containing all narrow-band emitter candi-
dates, are presented in Appendix A. The catalogues provide IDs,
coordinates, narrow-band and broad-band magnitudes, estimated
fluxes and observed EWs. Further details and information are avail-
able on the HiZELS website.
The photometric redshift (Photo-zs from Ilbert et al. 2009;
Cirasuolo et al. 2010) distributions of the sources selected
with the 4 narrow-band filters are presented in Figure 4. The
photometric redshifts show clear peaks associated with Hα,
Hβ/[OIII]λλ4959,5007, and [OII]λ3727 (see Figure 4), together with
further emission lines such as Paschen lines and Lyα. Spectro-
scopic redshift are also available for a fraction of the selected line-
emitters (Lilly et al. 2009; Yamada et al. 2005; Simpson et al. 2006;
Geach et al. 2008; van Breukelen et al. 2007; Ouchi et al. 2008;
Smail et al. 2008; Ono et al. 2010)6 – these will be discussed in the
following Sections.
6 See UKIDSS UDS website (http://www.nottingham.ac.uk/astronomy/UDS)
for a redshift compilation by O. Almaini and the COSMOS data archive
(http://irsa.ipac.caltech.edu/data/COSMOS) for the catalogues, spectra and
information on the various instruments and spectroscopic programmes.
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Figure 4. Photometric redshift distributions (peak of the probability distribution function for each source) for the NB921 line emitter candidates (upper left).
NBJ (upper right), NBH (lower left) and NBK (lower right). All distributions peak at redshifts which correspond to strong emission lines, corresponding to
Hα, Hβ, [OIII] and [OII] emitters at various redshifts depending on the central wavelength of each narrow-band filter. Other populations of emitters are also
found, such as Paschen-lines. The dotted lines indicate the redshift for which an emission line is detectable by the narrow-band filters. Lyα emitter candidates
in the NB921 dataset (e.g. 18 sources in COSMOS) with photo-z of z ∼ 6− 7 are not shown.
2.6 Selecting Hα emitters
Samples of Hα emitters at the various redshifts are selected using a
combination of broad-band colours (colour–colour selections) and
photometric redshifts (when available). Colour–colour separation
of emitters are different for each redshift, and for some redshifts
two sets of colour–colour separations are used to reduce contam-
ination to a minimum. Additionally, spectroscopically confirmed
sources are included, and sources confirmed to be other emission
lines removed from the samples – but the reader should note that
at all four redshifts the number of z-included sources missed by
the selection is typically < 10, while the z-rejected sources are
typically < 10 as well. Therefore, the decrease of available spec-
troscopic redshifts with redshift does not introduce any bias.
Additionally, sources found to be line emitters in two (or three,
for Hα emitters at z = 2.23) bands, making them robust Hα can-
didates are also included in the samples, even if they have been
missed by the colour–colour and photometric selection (although
it is found that only very few real Hα sources are missed by the
selection criteria). Table 3 provides the number of sources, includ-
ing spectroscopically confirmed ones for each field at each redshift.
Within the samples of narrow-band excess sources, 20 (NB921),
54 (NBJ), 49 (NBH) and 47 (NBK) per cent are Hα emitters at
redshifts z = 0.4, 0.84, 1.47 and 2.23, respectively.
2.6.1 Hα emitters at z = 0.4
The selection of Hα emitters at z = 0.4 is primarily done by se-
lecting sources for which 0.35 < zphot < 0.45. For further com-
pleteness, the BRiK (B − R vs i − K) colour-colour selection
(see Figure 5 and S12) is then applied to recover real Hα sources
without photometric redshifts. The selection method can then be
accessed by using spectroscopic redshifts (from zCOSMOS; Lilly
et al. 2009), which are available for 38 sources. Thirty six sources
are confirmed to be at z = 0.391−0.412, while 2 sources are [NII]
emitters. This implies a very high completeness of the sample, and
a contamination of ∼ 5 per cent over the entire sample. Contami-
nants have been removed, and spectroscopic sources added. A total
of 1742 Hα emitters at z = 0.4 are selected.
2.6.2 Hα emitters at z = 0.84
Sources are selected to be Hα emitters at z = 0.84 if 0.75 <
zphot < 0.95 or if they satisfy the BRiK (see Figure 5; S09)
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Table 3. A summary of the number of sources, narrow-band emitters and Hα-selected emitters for the various surveys undertaken with different narrow-band
filters. Fields are C: COSMOS, U: UDS. Emitters are the narrow-band excess sources remaining after excluding artefacts and stars. Volumes are presented
in units of 104 Mpc3 and correspond to the total volumes probed; deeper pointings cover relatively smaller volumes. SFRs (limiting SFRs) are presented
uncorrected for dust extinction. The number of spectroscopically confirmed Hα emitters are presented in the z Hα conf column, while the number of Hα
sources which are confirmed by an emission-line detection in another narrow-band filter are presented in Conf 2lines. Limiting SFRs are uncorrected for dust
extinction and these represent the limit over the deepest field(s). Also, note that for all four redshifts the number of z-included sources missed by the selection
is typically < 10, while the z-rejected sources are typically < 10 as well. Therefore, decrease of available spectroscopic redshifts with redshift does not
introduce any bias.
Filter Field Detect W/ Colours Emitters Stars Artifacts Hα z Hα conf. Conf 2lines Volume Hα SFR
NB C/U 3σ # 3 Σ # # # # # 104 Mpc3 M yr−1
NB921 C 155542 148702 2819 247 – 521 38 – 5.1 0.03
NB921 U 236718 198256 6957 775 – 1221 8 – 5.1 0.01
NBJ C 32345 31661 700 40 46 425 81 158 7.9 1.5
NBJ U 21233 19916 551 49 30 212 14 79 11.1 1.5
NBH C 65912 64453 723 60 63 327 28 158 49.1 3.0
NBH U 26084 23503 418 23 5 188 18 188 22.8 5.0
NBK C 99395 98085 1359 78 56 588 4 125 54.8 5.0
NBK U 28276 26062 399 28 10 184 2 30 22.4 10.0
H2 C 1054 940 52 3 2 31 0 3 0.9 3.5
H2 U 1193 1059 33 7 1 14 0 0 0.9 3.5
colour-colour selection for z ∼ 0.8 sources. Additionally, sources
with 1.3 < zphot < 1.7 (likely Hβ/[OIII] z ≈ 1.4 emitters) and
2.0 < zphot < 2.5 (likely z = 2.23 [OII] emitters) are removed to
further reduce contamination from higher redshift emitters. Sources
with spectroscopically confirmed redshifts are included and sources
with other spectroscopically confirmed lines are removed. In prac-
tice, 6 Hα spectroscopic sources missed by the selection criteria
are introduced in the sample; 7 sources found in the sample are not
Hα – a mix of [SII], [NII] and [OIII] emitters. A total of 95 sources
are spectroscopically confirmed as Hα, while 237 sources are con-
firmed as dual Hα-[OIII] emitters. A total of 637 Hα emitters at
z = 0.84 are selected.
2.6.3 Hα emitters at z = 1.47
Note that, as described in S12, the NBH filter can be combined with
NB921 (probing the [OII] emission line), to provide very clean,
complete surveys of z = 1.47 line emitters, as the filter profiles are
extremely well-matched for a dual Hα-[OII] survey. By applying
the dual narrow-band selection, a total of 346 Hα-[OII] emitters
are robustly identified in COSMOS and UDS. However, the dual
narrow-band selection is only complete (> 98% complete) if the
NB921 survey probes down to [OII]/Hα ∼ 0.1 (c.f. S12), which is
not the case for the deepest NBH COSMOS coverage. Additionally,
only the central 1.1 deg2 region of the COSMOS field has been
targeted with the NB921 filter.
In order to select Hα emitters in areas where the NB921 is not
deep enough to provide a complete selection, or where NB921 data
are not available, the following steps are taken. Sources are selected
if 1.35 < zphot < 1.55, or if they satisfy the z ∼ 1.5BzK (B−z
vs. z−K) criteria defined in Figure 5, which is able to recover the
bulk of the dual narrow-band emitters and sources with high qual-
ity photometric redshifts of z ∼ 1.5. However, the z ∼ 1.5 BzK
selection, although highly complete, is still contaminated by higher
redshift emitters. In order to exclude likely higher redshift sources
an additional ziK (i − z vs. z −K; see S12) colour-colour sepa-
ration is used (see Figure 6), in combination with rejecting sources
with zphot > 1.8.
The selection leads to a total sample of 515 robust Hα emitters
at z = 1.47, by far the largest sample of Hα emitters at z ∼ 1.5.
Comparing the double NB921 and NBH analysis with the colour
and photo-z selection (for sources for which the NB921 data are
deep enough to detect [OII]) shows that the colour and photo-z se-
lection by itself results in a contamination of ≈ 15 per cent, and
a completeness of ≈ 85 per cent. However, as the double NB921
and NBH analysis has been used wherever the data are available
and sufficiently deep, the contamination of the entire sample is es-
timated to be lower (≈ 5 per cent), and the completeness higher
(≈ 95 per cent).
2.6.4 Hα emitters at z = 2.23
As can be seen from the photometric redshift distribution in Fig-
ure 4, the high quality photo-zs in the COSMOS and UDS fields
can provide a powerful tool to select z = 2.23 sources. However,
the sole use of the photometric redshifts can not result in clean,
high completeness sample of z = 2.23 Hα emitters, not only be-
cause reliable photometric redshifts are not available for 35 per
cent of the NBK emitters, at the faint end, but also because the
errors in the photometric redshifts will be much higher at z ∼ 2.2
than at lower redshift (particularly as one is selecting star-forming
galaxies). Nevertheless, although spectroscopy only exists for a few
Hα z = 2.23 sources (zCOSMOS and UDS compilation), double
line detections between NBK and one of NBH ([OIII]) and/or NBJ
([OII]) allow the identification of 155 secure Hα emitters. These
can be used to optimise the selection criteria and estimate the com-
pleteness and contamination of the sample.
The selection of Hα emitters is done in the same way for both
COSMOS and UDS, and for both WFCAM and HAWK-I data. An
initial sample of z = 2.23 Hα emitters is obtained by selecting
sources for which 1.7 < zphot < 2.8, where the limits were de-
termined using the distribution of photometric redshifts found for
confirmed Hα emitters at z = 2.23 (this selects 525 sources, of
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Figure 5. Top panels: colour-colour separation of the different emitters in the various samples used to isolate Hα emitters at the four different redshifts.
Different symbols show narrow-band emitters with different photometric redshifts, and the final emitters selected to be Hα (see Section 2.6). The (B−R) vs.
(i−K) colour-colour separation is used to cleanly select z = 0.4 Hα emitters with the NB921 data, but also z = 0.84 Hα emitters. The z = 0.4 selection
points are [0.1,0.18] and [1.24,2.01], while the selection of z = 0.84 Hα emitters is obtained with the set of points: [−0.26,0.26], [0.1,0.18],[1.01,3.21] and
[1.24,2.01] (see selection regions shown in the top panels of the Figure). Bottom panels: the (B − z) vs (z − K) colours are used in different ways (to
maximise completeness) to obtain first pass samples of potential z = 1.47 Hα emitters (defined by points: [−0.15,0.40], [0.41,0.0], [2.31,3.6] and [2.41,2.0])
and z = 2.23 Hα emitters (Daddi et al. 2004, z−K>B−z). Note, however, that for the Hα samples at z = 1.47 and z = 2.23 the BzK selection is not able
to differentiate effectively between Hα and higher redshift emitters which can significantly contaminate the samples (see photometric redshift distribution).
The higher redshift emitters are filtered out of the samples using another set of colours – see Figure 6.
which 3 are spectroscopically confirmed to be contaminants and 87
are double/triple line emitters and thus robust z = 2.23 Hα emit-
ters). Because some sources lack reliable photometric redshifts, the
colour selection (z − K) > (B − z) is used recover additional
z ∼ 2 faint emitters. This colour-colour selection is a slightly mod-
ified version of the standard BzK colour-colour separation (Daddi
et al. 2004)7. It selects 274 additional Hα candidates (and re-selects
90% of those selected through photometric redshifts), and guaran-
7 The selection was modified because the Daddi et al. cut was designed to
select z > 1.4 sources, while here z = 2.23 emitters are targeted. The
precise location of the new cut, which is 0.2 magnitudes higher/redder in
z −K than that of Daddi et al., is motivated by the confirmed Hα emitters
and by the need to minimise contamination from z < 2 sources).
tees a high completeness of the Hα sample (see Figure 5). How-
ever, the BzK selection also selects z ∼ 3.3 Hβ/[OIII] emitters
very effectively, and the contamination by such emitters needs to
be minimised. In order to do this, sources with zphot > 3.0 are ex-
cluded (121 sources). For sources for which a photometric redshift
does not exist, a rest-frame UV colour-colour separation is used
(B − R vs. U − B; see Figure 6, probing the rest-frame UV), ca-
pable of broadly separating z = 2.23 and z ∼ 3.3 emitters due to
their different UV colours (see Figure 6; this removes a further 27
sources). Three further sources are removed as they are confirmed
contaminants (Paβ, [SIII] and [OIII] at z = 0.65, z = 1.23 and
z = 3.23, respectively).
Overall, the selection leads to a total sample of 807 Hα emit-
ters, by far the largest sample of z = 2.23 Hα emitters ever ob-
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Figure 6. Top: Colour-colour separation of z = 1.47 Hα emitters and
those at higher redshift (z ∼ 2.3 Hβ/[OIII], z ∼ 3.3 [OII]); separation is
obtained by (z−K) < 5(i−z)−0.4.Bottom: colour-colour separation of
z ∼ 3 Hβ/[OIII] emitters from z = 2.23 Hα emitters, given by (B−R) <
−0.55(U−B)+1.25. Using the BzK colour-colour separation only results
in some contamination of the Hα sample with higher redshift emitters –
the B − R vs U − B colour-colour separation allows to greatly reduce
that. The Figure also indicates the location of each final Hα selected source
in the colour-colour plot. Note that sources shown as zphot ∼ 1.5 and
zphot ∼ 2.2 are those with photometric redshifts which are within ±0.2
of those values.
tained, and an order of magnitude larger than the previous largest
samples presented by Geach et al. (2008) and Hayes et al. (2010).
With the limited spectroscopy available, it is difficult to accurately
determine the completeness and contamination of the sample, but
based on the double/triple-line detections (155) and the confirmed
contaminants which have been removed (6), the completeness is
estimated to be > 90 per cent, and contamination is likely to be
< 10 per cent.
3 ANALYSIS AND RESULTS: Hα LF OVER 11 GYRS
3.1 Removing the contamination by the [NII] line
Due to the width of all filters in detecting the Hα line, the ad-
jacent [NII] lines can also be detected when the Hα line is de-
tected at the peak transmission of the filter. A correction for the
[NII] line contamination is therefore done, following the rela-
tion given in S12. The relation has been derived to reproduce
Figure 7. Average completeness of the various narrow-band surveys as a
function of Hα flux. Note that the completeness of individual fields/frames
for each band can vary significantly due to the survey strategy (e.g. see
difference between one of the deep pointings in COSMOS, NBH D and
the average over all NBH fields), and thus the completeness corrections are
computed for each individual fields.
the full SDSS relation between the average log([NII]/Hα), f , and
log[EW0([NII]+Hα)], E: f = −0.924 + 4.802E − 8.892E2 +
6.701E3 − 2.27E4 + 0.279E5. This relation is used to correct all
Hα fluxes at z = 0.4, 0.84, 1.47 and 2.23. The median correction
(the median [NII]/([NII]+Hα)) is ≈ 0.25.
3.2 Completeness corrections: detection and selection
It is fundamental to understand how complete the samples are as a
function of line flux. This is done using simulations, as described in
S09 and further detailed in S12. The simulations consider two ma-
jor components driving the incompleteness: i) the detection com-
pleteness (which depends on the actual imaging depth and the aper-
tures used) and ii) the incompleteness resulting from the selection
(both EW and colour significance).
The detection completeness is estimated by placing sources
with a given magnitude at random positions on each individual
narrow-band image, and studying the recovery rate as a function
of the magnitude of the source. For the large Subaru frames, 2500
sources are added for each magnitude, for WFCAM images 500,
and for HAWK-I frames 100 sources are added for each realisa-
tion.
The individual line completeness estimates are performed in
the same way for the data at the four different redshifts. A set of
galaxies is defined, which is consistent with being at the approx-
imate redshift (applying the same photometric redshift + colour-
colour selections to all NB detected sources with no significant ex-
cess) but not having emission lines above the detection limit. Emis-
sion lines are then added to the sources, and the study of the recov-
ery fraction is undertaken. The average completeness corrections as
a function of Hα flux are presented in Figure 7. Note that the sim-
ulations include the different EW/colour cuts used in selecting line
emitters in all bands, and therefore take the EW limits and colour
selection into account. Also note that because of the very differ-
ent distributions of magnitudes of Hα emitters from low to higher
redshift, the EW/colour cut is a much more important source of
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incompleteness for low redshift Hα emitters than for the highest
redshift, z = 2.23.
It should be noted that because of the differences in depth,
simulations are conducted for each individual frame, and the appro-
priate completeness corrections applied accordingly when comput-
ing the luminosity function. For any given completeness correction
applied, an uncertainty of 20% of the size of the applied correction
is added in quadrature to the other uncertainties to account for the
uncertainties in deriving such corrections.
3.3 Volume
At z = 0.4, the total area surveyed is 1.68 deg 2. The NB921 fil-
ter, centred at 9196 A˚ and with a FWHM of 132 A˚ can probe the
Hα line (using the top hat approximation) from zmin = 0.3907
to zmax = 0.4108. This means that the narrow-band filter surveys
an Hα volume of 5.1× 104 Mpc3 deg−2. The Hα survey therefore
probes a total volume of 8.8× 104 Mpc3.
The NBJ filter (FWHM of 140 A˚) can be approximated by a
top hat, probing zmin = 0.8346 to zmax = 0.8559 for Hα line
detections, resulting in surveying 1.5 × 105 Mpc3 deg−1. As the
total survey has covered 1.3 deg2, it results in a total volume of
1.9 × 105 Mpc3. Assuming the top hat (TH) model for the NBH
filter (FWHM of 211.1 A˚, with λTHmin = 1.606µm and λ
TH
max =
1.627µm), the Hα survey probes a (co-moving) volume of 3.3 ×
105 Mpc3 deg−2. Volumes are computed on a field by field basis
as each field reaches a different depth (although the difference in
volume is only important at the faintest fluxes). The total volume
of the survey is 7.4 × 105 Mpc3. The volume down to the deepest
depth is 3.9× 104 Mpc3 (see Table 4 for details). The NBK filter is
centred on λ = 2.121µm, with a FWHM of 210 A˚. Using the top
hat approximation for the filter, it can probe the Hα emission line
from zmin = 2.2147 to zmax = 2.2467, so with a ∆z = 0.016.
The H2 filter therefore probes a volume of 3.8× 105 Mpc3 deg−2.
The HAWK-I survey uses a slightly different H2 filter, cen-
tred on λ = 2.125µm, with FWHM = 300 A˚. A top hat is an even
better approximation of the filter profile, with zmin = 2.2139 to
zmax = 2.2596 for Hα line detections. The filter effectively probes
5.5× 105 Mpc3 deg−2. Each HAWK-I pointing covers only about
13.08 arcmin2, and so the complete HAWK-I survey (COSMOS
and UDS, 0.0156 deg2) probes a total volume of 1.7 × 104 Mpc3.
Note that the survey conducted by Hayes et al. (2010) (using a nar-
rower NB filter), although deeper, only probed 5.0 × 103 Mpc3,
so a factor of 3 smaller in volume and over a single field. Table
4 presents a summary of the volumes probed as a function of Hα
luminosity and the number of sources detected at each redshift.
3.4 Filter Profiles: volume corrections
None of the narrow band filters are perfect top hats (see Figure
1). In order to model the effect of this bias on estimating the vol-
ume (luminous emitters will be detectable over larger volumes –
although, if seen in the filter wings, they will be detected as fainter
emitters), a series of simulations is done, following S09 and S12.
Briefly, a top hat volume selection is used to compute a first-pass
(input) luminosity function and derive the best fit. The fit is used to
generate a population of simulated Hα emitters (assuming they are
distributed uniformly across redshift); these are then folded through
the true filter profile, from which a recovered luminosity function is
determined. Studying the difference between the input and recov-
ered luminosity functions shows that the number of bright emit-
ters is underestimated, while faint emitters can be slightly overesti-
mated (c.f. S09 for details), but the actual corrections are different
for each filter and each input luminosity function. This allows cor-
rection factors to be estimated – these are then used to obtain the
corrected luminosity function. Corrections are computed for each
individual narrow-band filter.
3.5 Extinction Correction
The Hα emission line is not immune to dust extinction. Measur-
ing the extinction for each source can in principle be done by sev-
eral methods, one of which is the comparison between Hα and far-
infrared determined SFRs (see Ibar et al. in prep.), while the spec-
troscopic analysis of Balmer decrements also provides a very good
estimate of the extinction. As shown in S12, the median [OII]/Hα
line ratio of a large sample of galaxies can also be reasonably well
calibrated (using Balmer decrement) as a dust extinction indica-
tor (see Sobral et al. 2012 for more details). For the COSMOS
z = 1.47 sample, this results in AHα = 0.8 mag (although there
is a bias towards lower extinction due to the fact that the NB921
survey is not deep enough to recover sources with much higher
extinctions). However, for UDS (where a sufficiently deep NB921
coverage is available) a AHα ≈ 1 mag of extinction at Hα is shown
to be an appropriate median correction at z = 1.47 (see S12).
That is also similar has been found at z = 0.84 (Garn et al. 2010,
AHα ≈ 1.2). The dependence of extinction on observed luminosity
is also relatively small (S12) at z ∼ 1.5 – therefore, for simplic-
ity and for an easier comparison, a simple 1 mag of extinction is
applied for the four redshifts and for all observed luminosities.
Note that S12 still find a relatively mild luminosity depen-
dence, but one which is offset to the local Universe relation (e.g.
Hopkins et al. 2001) by 0.5 mag in AHα. Nevertheless, one could
interpret this differently, as a single relation that holds at both
z ∼ 1.5 and z ∼ 0, provided that luminosities at both z ∼ 0
and z ∼ 1.5 are divided by L∗Hα at the corresponding epochs; this
would imply that the typical extinction does not depend on SFR
or Hα luminosity in an absolute manner, but rather that it depends
on how star-forming or luminous a source is relative the normal
star-forming galaxy at that epoch.
3.6 Hα Luminosity Functions at z = 0.40,0.84,1.47,2.23
By taking all Hα selected emitters at the four different redshifts,
the Hα luminosity function is computed at 4 very different cos-
mic times, reaching a common observed luminosity limit of ≈
1041.6 erg s−1 for the first time in a consistent way over∼ 11 Gyrs.
As previously described, the method of S09 and S12 is applied to
correct for the real profile (see Section 3.4). Candidate Hα emitters
are assumed to be at z = 0.4, 0.84, 1.47 and 2.23 for luminosity
distance calculations. Results can be found in Figure 8 and Table
4. Errors are Poissonian, but they include a further 20% of the total
completeness corrections added in quadrature.
All derived luminosity functions are fitted with Schechter
functions defined by three parameters α, φ∗ and L∗:
φ(L)dL = φ∗
(
L
L∗
)α
e−(L/L
∗)d
(
L
L∗
)
, (2)
which are found to provide good fits to the data at all redshifts. In
the log form, the Schechter function is given by:
φ(L)dL = ln 10φ∗
(
L
L∗
)α
e−(L/L
∗)
(
L
L∗
)
d log L. (3)
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Figure 8. The Hα luminosity function evolution revealed by deep and wide narrow-band surveys at z = 0.4, z = 0.84, z = 1.47 and z = 2.23 presented
in this work. The data are combined and compared to other studies (Gallego et al. 1995; Ly et al. 2007; Geach et al. 2008; Hayes et al. 2010), and clearly
confirm the strong evolution of the luminosity function in the last ∼ 11 Gyrs, mostly through a continuous increase in L∗Hα from z = 0 to z = 2.23. Note
that the z = 0.4 Hα luminosity function is constrained down to even lower luminosities which are not shown in the figure. Also, note that all Hα luminosities
have been corrected by extinction with AHα = 1 mag, and that SFRs shown are based on that extinction correction. SFRs derived directly from observed Hα
luminosities are a factor of 2.5 lower and Hα luminosities uncorrected for extinction are 0.4 dex lower.
Schechter functions are fitted to each luminosity function. The best
fits for the Hα luminosity functions at z = 0.4 − 2.23 are pre-
sented in Table 5, together with the uncertainties on the parame-
ters (1σ). Uncertainties are obtained from either the 1σ deviation
from the best-fit, or the 1σ variance of fits, obtained with a suite of
multiple luminosity functions with different binning – whichever is
higher (although they are typically comparable). The best-fit func-
tions and their errors are also shown in Figure 8, together with the
z ≈ 0 luminosity function determined by Ly et al. (2007) – which
has extended the work by Gallego et al. (1995) at z ≈ 0, for a
local-Universe comparison. Deeper data from the literature are also
presented for comparison; Ly et al. (2011) for z = 0.8, and Hayes
et al. (2010) for z = 2.23, after applying the small corrections to
ensure the extinction corrections are consistent8.
The results not only reveal a very clear evolution of the Hα
luminosity function from z = 0 to z = 2.23, but they also allow
for a detailed investigation of exactly how the evolution occurs, in
8 The correction is applied to obtain data points corrected for extinction by
1 mag at Hα.
steps of ∼ 2 − 3 Gyrs. The strongest evolutionary feature is the
increase in L∗Hα as a function of redshift from z = 0 to z = 2.23
(see Figure 9), with the typical Hα luminosity at z ∼ 2 (L∗Hα)
being 10 times higher than locally. This is clearly demonstrated
in Figure 9, which shows the evolution of the Schechter function
parameters describing the Hα luminosity function. The L∗Hα evo-
lution from z ∼ 0 to z ∼ 2.2, can be simply approximated as
log L∗ = 0.45z + log L∗z=0, with log L
∗
z=0 = 41.87 (see Figure
9). At the very bright end (L > 4L∗), and particularly at z > 1,
there seems to be a deviation from a Schechter function. Follow-up
spectroscopy of such luminous Hα sources has recently been ob-
tained for a subset of the z = 1.47 sample, and unveil a significant
fraction of narrow and broad-line AGN (with strong [NII] lines as
well) which become dominant at the highest luminosities (Sobral et
al. in prep). It is therefore likely that the deviation from a Schechter
function is being mostly driven by the increase in the AGN activ-
ity fraction at such luminosities, particularly due to the detection of
rare broad-line AGN and from very strong [NII] emission.
The normalisation of the Hα luminosity function, φ∗, is also
found to evolve, but much more mildly. There is an increase of φ∗
c© 2012 RAS, MNRAS 000, 1–19
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Figure 9. The evolution of the Schechter function parameters which best fit the Hα luminosity function since z = 2.23. Top left: the evolution of L∗Hα
as a function of redshift, revealing that the break of the luminosity function evolves significantly from z = 0 to z = 2.23 by a factor of 10, which can be
simply parameterised by log L∗Hα = 0.45z + 41.87. Top right: the evolution of φ
∗, which seems to rise mildly up to z ∼ 1 and decrease again up to
z ∼ 2.2.Bottom left: the faint end slope, however, is not found to evolve at all from z = 0.0 to z = 2.23 within the scatter and the errors, pointing towards
α = −1.60± 0.08 for the faint-end slope of the Hα luminosity function across the last 11 Gyrs. Bottom right: The 1, 2 and 3σ contours of the best fits to
the combination of L∗Hα and φ
∗ fixing α = −1.6.
up to z ∼ 1 (by a factor ∼ 4)9, and then this decreases again for
higher redshifts by a factor of ∼ 2 from z ∼ 1 to z = 2.23 – see
Figure 9. By fitting a simple quadratic model to describe the data,
one finds that the parametrisation: log φ∗ = −0.38z + z − 3.18
provides a good fit for z = 0− 2.23, but the current data can only
exclude a model with a constant φ∗ at a < 2σ level. The statistical
significance for evolution in φ∗ becomes even lower (< 1σ) if one
restricts the analysis to z = 0.4− 2.23.
The faint-end slope, α, is found to be relatively steep from
z ∼ 0 up to z = 2.23 (when compared to a canonical α = −1.35),
9 Note that the difference in φ∗ to the Sobral et al. (2009) Hα luminosity
function is mostly driven by φ∗S09 reported there being φ
∗
S09 = φ
∗× ln 10
(due to the fitting to dLogL without taking the ln10 factor into account –
see Sobral et al. 2012), which accounts for a factor ≈ 2.23. The remaining
difference (a factor ∼ 1.5) is an actual difference driven by the improved
data reduction, selection of emitters (3Σ instead of 2.5Σ), completeness and
cleanness of the catalogues of Hα emitters (particularly due to the signifi-
cantly improved photometric redshifts and a larger number of spectroscopic
redshifts).
and it is not found to evolve. The median α over 0 < z < 2.23 is
−1.60±0.08. Very deep data from Hayes et al. (2010) and Ly et al.
(2011) not only agree well with such faint-end slope, but even more
importantly, their data at the faintest luminosities are also very well
fitted by the best-fit z = 2.23 and z = 0.84 luminosity functions.
If those data points are included and used to re-fit the luminosity
functions at those 2 redshifts, the resulting best-fit faint-end slopes
remain the same, but the error in α is reduced by ∼ 10 − 15 per
cent.
It is therefore shown that by measuring the Hα luminosity
function in a consistent way, and using multiple fields, the faint-
end slope can be very well approximated by a constant α = −1.6
at least up to z = 2.23. This shows that while the faint-end slope
truly is steep at z ∼ 2, it does not become significantly steeper
from z ∼ 0 to z ∼ 2, and rather has remained relatively constant
for the last 11 Gyrs (our data can not rule out weak evolution). The
potential strong steepening of the faint-end slope, which has been
previously reported (e.g. Hayes et al. 2010) may in part be a re-
sult of comparing different data-sets which probe different ranges
in luminosity, use different completeness corrections, different se-
c© 2012 RAS, MNRAS 000, 1–19
14 D. Sobral et al.
lection of emitters and probe a different parameter space. Further-
more, the results from Sobral et al. (2011) show that the faint-end
slope depends relatively strongly on environment (α ∼ −1.1 for
the densest clusters to α ∼ −1.9 for the poorest regions), which
indicates that the changes in the faint-end slope measured before
may also have resulted by the relatively small areas which can (by
chance) probe different environments. Note that this is not the case
for this paper because the multi-epoch Hα surveys cover ∼ 2 deg2
areas over two independent fields and are able to cover a wide range
of environments. Indeed, apart from the rich, dense structures pre-
sented in Sobral et al. (2011) at z = 0.84, our the Hα survey is also
able to probe significantly overdense regions even at z = 2.23 (see
Geach et al. 2012, for details on a significant Hα-detected overden-
sity in the COSMOS field). By splitting the sample in a similar way
to Sobral et al. (2011) (isolating the over density in COSMOS and
nearby regions), a variation of α with local density is clearly recov-
ered, consistent with the results at z = 0.84, i.e., overdense regions
present a much shallower α (∼ −1.3), while the general field re-
gions have a steeper (α ∼ −1.7) faint-end slope. The dependence
of α on environment since z = 2.23 will be carefully quantified in
a forthcoming paper.
The steep faint-end slope of the Hα luminosity function is in
very good agreement with the UV luminosity function at z ∼ 2 and
above, and particularly consistent with a relatively non-evolving
α ≈ −1.6. This can be seen by comparing the results in this
paper with those presented by Treyer et al. (1998), Arnouts et al.
(2005), and more recently, Oesch et al. (2010). It is also likely that
(similarly to the Hα luminosity function) the large scatter, and the
different selections/corrections applied, have driven studies to as-
sume/argue for a steepening of the UV luminosity faint-end slope,
just like for the Hα luminosity function – see Oesch et al. (2010).
Overall, the results imply that the bulk of the evolution of the
star-forming population from z = 0 to z ∼ 2.2 is occurring as
a strong boost in luminosity of all galaxies. The UV luminosity
results also show very similar trends to the Hα LF, by revealing that
the strongest evolution to z ∼ 2 is in the typical luminosity/break
of the luminosity function, which evolves significantly. However,
individual measurements for the UV luminosity function at z <
2 are still significantly affected by cosmic variance, small sample
sizes and much more uncertain dust corrections, and thus the Hα
analysis provides a much stronger constraint on the evolution of
star-forming galaxies up to z ∼ 2.2.
4 THE STAR FORMATION HISTORY OF THE
UNIVERSE: THE LAST 11 GYRS WITH Hα
Unveiling the star formation history of the Universe is fundamental
to understand how, when and at what pace galaxies assembled their
stellar masses. The best-fit Schechter function fit to the Hα lumi-
nosity functions at z = 0.4, 0.84, 1.47 and 2.23 can be used to esti-
mate the star formation rate density at the four epochs, correspond-
ing to look-back times of 4.2, 7.0, 9.2 and 10.6 Gyrs. The standard
calibration of Kennicutt (1998) is used to convert the extinction-
corrected Hα luminosity to a star formation rate:
SFR(Myr
−1) = 7.9× 10−42 LHα (erg s−1), (4)
which assumes continuous star formation, Case B recombination
at Te = 104 K and a Salpeter initial mass function ranging from
0.1–100 M.
Table 4. Luminosity Functions from HiZELS. LHα has been corrected for
both [NII] contamination and for dust extinction (using AHα = 1 mag).
Volumes assuming top hat filters. φ corr has been corrected for both incom-
pleteness and the fact that the filter profile is not a perfect top hat.
logLHα Sources φ obs φ corr Volume
z = 0.40 # Mpc−3 Mpc−3 104 Mpc3
40.50± 0.05 128 −1.84± 0.04 −1.66± 0.04 8.8
40.60± 0.05 147 −1.78± 0.04 −1.70± 0.04 8.8
40.70± 0.05 118 −1.87± 0.04 −1.81± 0.04 8.8
40.80± 0.05 86 −2.01± 0.05 −1.93± 0.05 8.8
40.90± 0.05 56 −2.20± 0.06 −1.96± 0.07 8.8
41.00± 0.05 54 −2.21± 0.06 −2.03± 0.07 8.8
41.10± 0.05 34 −2.41± 0.08 −2.12± 0.09 8.8
41.20± 0.05 36 −2.39± 0.08 −2.27± 0.08 8.8
41.30± 0.05 33 −2.43± 0.08 −2.29± 0.09 8.8
41.40± 0.05 25 −2.55± 0.10 −2.42± 0.10 8.8
41.50± 0.05 25 −2.55± 0.10 −2.46± 0.11 8.8
41.60± 0.05 17 −2.71± 0.12 −2.57± 0.13 8.8
41.70± 0.05 10 −2.94± 0.17 −2.69± 0.19 8.8
41.80± 0.05 11 −2.90± 0.16 −2.73± 0.17 8.8
41.90± 0.05 8 −3.04± 0.19 −2.88± 0.20 8.8
42.00± 0.05 4 −3.34± 0.30 −3.03± 0.35 8.8
42.20± 0.10 3 −3.45± 0.36 −3.56± 0.51 8.8
42.50± 0.15 2 −3.64± 0.53 −3.71± 0.71 8.8
z = 0.84 # Mpc−3 Mpc−3 104 Mpc3
41.70± 0.075 218 −2.12± 0.03 −1.93± 0.03 19.1
41.85± 0.075 222 −2.11± 0.03 −2.02± 0.03 19.1
42.00± 0.075 107 −2.43± 0.04 −2.18± 0.04 19.1
42.15± 0.075 54 −2.72± 0.06 −2.43± 0.06 19.1
42.30± 0.075 12 −3.38± 0.15 −2.73± 0.17 19.1
42.45± 0.075 10 −3.46± 0.17 −3.01± 0.17 19.1
42.60± 0.075 7 −3.61± 0.21 −3.27± 0.21 19.1
42.75± 0.075 2 −4.16± 0.53 −3.79± 0.55 19.1
42.90± 0.075 1 −4.46± 0.90 −4.13± 1.51 19.1
z = 1.47 # Mpc−3 Mpc−3 104 Mpc3
42.10± 0.05 25 −2.20± 0.10 −2.13± 0.10 4.0
42.20± 0.05 32 −2.37± 0.08 −2.25± 0.09 7.5
42.30± 0.05 62 −2.55± 0.06 −2.34± 0.06 22.1
42.40± 0.05 86 −2.67± 0.05 −2.47± 0.05 40.2
42.50± 0.05 101 −2.78± 0.05 −2.62± 0.05 60.4
42.60± 0.05 106 −2.83± 0.04 −2.73± 0.04 71.4
42.70± 0.05 43 −3.23± 0.07 −2.91± 0.08 73.6
42.80± 0.05 23 −3.50± 0.10 −3.18± 0.11 73.6
42.90± 0.05 9 −3.91± 0.18 −3.55± 0.18 73.6
43.00± 0.05 5 −4.17± 0.26 −3.81± 0.26 73.6
43.10± 0.05 3 −4.39± 0.37 −4.22± 0.38 73.6
43.20± 0.05 2 −4.57± 0.53 −4.55± 0.55 73.6
43.40± 0.15 2 −4.57± 0.53 −4.86± 0.55 73.6
z = 2.23 # Mpc−3 Mpc−3 104 Mpc3
42.00± 0.075 8 −2.18± 0.19 −1.93± 0.19 0.8
42.15± 0.075 11 −2.34± 0.16 −2.07± 0.16 1.6
42.30± 0.05 47 −2.24± 0.07 −2.19± 0.07 6.7
42.40± 0.05 91 −2.36± 0.05 −2.31± 0.05 20.9
42.50± 0.05 107 −2.48± 0.04 −2.41± 0.05 32.7
42.60± 0.05 158 −2.60± 0.04 −2.50± 0.04 63.3
42.70± 0.05 163 −2.68± 0.04 −2.59± 0.05 77.2
42.80± 0.05 100 −2.89± 0.05 −2.73± 0.06 77.2
42.90± 0.05 51 −3.18± 0.07 −2.88± 0.14 77.2
43.00± 0.05 30 −3.41± 0.09 −3.09± 0.17 77.2
43.10± 0.05 16 −3.68± 0.12 −3.33± 0.22 77.2
43.20± 0.05 7 −4.04± 0.21 −3.67± 0.31 77.2
43.30± 0.05 3 −4.41± 0.37 −4.01± 0.51 77.2
43.40± 0.05 2 −4.59± 0.53 −4.22± 0.68 77.2
43.60± 0.15 3 −4.41± 0.37 −4.63± 0.41 77.2c© 2012 RAS, MNRAS 000, 1–19
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Table 5. The luminosity function and star formation rate density evolution for 0.4 < z < 2.2, as seen through a completely self-consistent analysis using
HiZELS. The measurements are obtained at z = 0.4, 0.84, 1.47 and 2.23, correcting for 1 mag extinction at Hα. Columns present the redshift, break of the
luminosity function, L∗Hα, normalisation (φ
∗
Hα) and faint-end slope (α) of the Hα luminosity function. The two right columns present the star formation rate
density at each redshift based on integrating the luminosity function down to ≈ 3 M yr−1 or 41.6 (in log erg s−1) and for a full integration. Star formation
rate densities include a correction for AGN contamination of 10% at z = 0.4 and z = 0.84 (see Garn et al. 2010) and 15% at both z = 1.47 and z = 2.23.
Errors on the faint-end slope α are the 1σ deviation from the best fit, when fitting the 3 parameters simultaneously. As α is very well-constrained at all
redshifts, and shown not to evolve significantly, L∗Hα and φ
∗
Hα are obtained by fixing α = −1.6, and the 1σ errors on L∗Hα and φ∗Hα are derived from such
fits (with fixed α).
Epoch L∗Hα φ
∗
Hα αHα log ρLHα41.6 log ρLHα ρSFRHα 41.6 ρSFRHα All
(z) erg s−1 Mpc−3 erg s−1 Mpc−3 erg s−1 Mpc−3 M yr−1 Mpc−3 M yr−1 Mpc−3
z = 0.40± 0.01 41.95+0.47−0.12 −3.12+0.10−0.34 −1.75+0.12−0.08 38.99+0.19−0.22 39.55+0.22−0.22 0.008+0.002−0.002 0.03+0.01−0.01
z = 0.84± 0.02 42.25+0.07−0.05 −2.47+0.07−0.08 −1.56+0.13−0.14 39.75+0.12−0.05 40.13+0.24−0.21 0.040+0.007−0.006 0.10+0.01−0.02
z = 1.47± 0.02 42.56+0.06−0.05 −2.61+0.08−0.09 −1.62+0.25−0.29 40.03+0.08−0.07 40.29+0.16−0.14 0.07+0.01−0.01 0.13+0.02−0.02
z = 2.23± 0.02 42.87+0.08−0.06 −2.78+0.08−0.09 −1.59+0.12−0.13 40.26+0.01−0.02 40.44+0.03−0.03 0.13+0.01−0.01 0.21+0.02−0.03
As detailed before, a constant 1 magnitude of extinction at Hα
is assumed for the analysis, which is likely to be a good approach
for the entire integrated star formation.
4.1 Removal of the AGN contribution
Interpreting the integral of the Hα luminosity function as a star for-
mation rate density requires a good estimation of the possible con-
tribution of AGN to that quantity. For the z = 0.84 sample, Garn
et al. (2010) conducted a detailed search for potential AGN, finding
a fraction of 8 ± 3% within the Hα population at z = 0.84. Simi-
lar (i.e., ∼ 10 %) AGN contaminations at lower redshift have also
been found by other studies, and therefore assuming a 10% contri-
bution from AGN up to z ∼ 1 is likely to be a good approximation.
At higher redshifts, and particularly for the sample at z = 1.47
and z = 2.23, the AGN activity could in principle be different.
By looking at a range of AGN indicators – X-rays, radio and IRAC
colours (and emission lines ratios for sources with such informa-
tion10), it is found that ∼ 15 % of the sources are potentially AGN
at z = 1.47. Similar results are found at z = 2.23. Therefore,
when converting integrated luminosities to star formation rate den-
sities at each epoch, it is assumed that AGNs contribute 10% of
that up to z ∼ 1 and 15% above that redshift. While this correc-
tion may be uncertain, the actual correction will likely be within
5% of what is assumed, and in order to guarantee the robustness of
the measurements, the final measurements include the error intro-
duced by the AGN correction – this is done by adding 20% of the
AGN correction in quadrature to the other errors. The AGN con-
tribution/contamination will be studied in detail in Sobral et al. (in
prep.).
4.2 The Hα Star Formation History of the Universe
The results are shown in Table 5, both down to the approximate
common survey limits, and by fully integrating the luminosity func-
tion. Figure 10 also presents the results (fully integrating down the
luminosity functions), and includes a comparison between the con-
sistent view on the Hα star formation history of the Universe de-
rived in this paper with the various measurements from the liter-
10 Follow up spectroscopy of luminous Hα sources unveil a significant
fraction of narrow and broad-line AGN which becomes dominant at the
highest luminosities (Sobral et al. in prep), but is consistent with an overall
AGN contribution to the Hα luminosity density of 15 per cent.
ature (Hopkins & Beacom 2006; Ly et al. 2011), showing a good
agreement.
The improvement when compared to other studies is driven
by: i) the completely self-consistent determinations, ii) the signif-
icantly larger samples, and iii) the fact that the faint-end slope is
accurately measured from z ∼ 0 to z ∼ 2.23 and luminosity func-
tions determined down to a much lower common luminosity limit
than ever done before. A comparison with all other previous mea-
surements (which show a large scatter) reveals a good agreement
with the Hα measurements. However, the homogeneous Hα anal-
ysis provides, for the first time, a much clearer and cleaner view of
the evolution. The results presented in Figure 10 reveal the Hα star
formation history of the Universe for the last ∼ 11 Gyrs. The evo-
lution is particularly steep up to about z ∼ 1. While the evolution
is then milder, ρSFR continues to rise, up to at least z ∼ 2.
Up to z ∼ 1, the Hα star formation history is well fitted by
log ρSFR = 4× (z+ 1)− 2.08. However, such parameterisation is
not a good fit for higher redshifts. It is possible to fit the entire Hα
star formation history since z ∼ 2.2, or for the last 11 Gyrs by the
simple parameterisation log ρSFR = −0.14T −0.23, with T being
the time since the Big Bang in Gyrs (see Figure 10). A power-law
parameterisation as a function of redshift (a×(1+z)β) yields β =
−1.0, and thus the Hα star formation history can also be simply
parameterised by log ρSFR = −2.1(z+1) , clearly revealing that ρSFR
has been declining for the last ∼ 11 Gyrs. This parameterisation is
also a very good fit for results from Karim et al. (2011), using radio
stacking over a similar redshift range in the COSMOS field.
4.3 The Stellar mass assembled in the last 11 Gyrs
The results presented in this paper can be used to provide an esti-
mate of the stellar mass (density) which has been assembled by Hα
star-forming galaxies over the last 11 Gyrs. This is done in a similar
way to Hopkins & Beacom (2006) or Glazebrook et al. (2004), tak-
ing into account that a significant part of the mass of newborn stars
at each redshift is recycled, and can be used in subsequent star for-
mation episodes. The fraction of recycled mass depends on the IMF
used. For a Salpeter IMF, which has been used for the Hα calibra-
tion, the recycling fraction is 30%. Note, however, that changing
the IMF does not change the qualitative results presented in this
paper, in particular the agreement between the predicted and the
measured stellar mass density growth. Nevertheless, changing the
IMF changes both the normalisation of the star formation history
and the stellar mass density growth.
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Figure 10. The star formation rate density and its evolution with redshift up to z ∼ 2.3 using Hα only, and compared to estimates at different redshifts from
the literature (e.g. Hopkins 2004; Shioya et al. 2008; Ly et al. 2011, and references therein). This confirms a strong evolution in the star formation rate density
over the last ∼ 11 Gyrs. Overall, the simple parameterisations log ρSFR = −0.14T − 0.23, with T in Gyrs (shown as a dashed line) or 2.1/(z+1), shown as
a dot-dashed line, provide good approximations to the star formation history of the Universe in the last 11 Gyrs. This is in very good agreement with results
from Karim et al. (2011), using radio stacking over a similar redshift range in the COSMOS field.
Here, the following approach is taken: the measured stellar
mass density already in place at z ∼ 2.2 (many determinations
exist, e.g. Hopkins & Beacom 2006; Pe´rez-Gonza´lez et al. 2008;
Ilbert et al. 2009) is assumed to be log10 M = 7.45 MMpc
−3.
By using the measured Hα star formation history derived in this
paper (log ρSFR = −0.14T − 0.23), a prediction of the evolution
of the stellar mass density of the Universe is computed, using the
recycling fraction of the Salpeter IMF (30%).
The results are presented in Figure 11, and compared with var-
ious measurements of the stellar mass density at different redshifts
available from the literature (Hopkins & Beacom 2006; Pe´rez-
Gonza´lez et al. 2008; Elsner et al. 2008; Marchesini et al. 2009). All
literature results have been converted to a Salpeter IMF if derived
with a different IMF – including those with a modified Salpeter
IMF (SalA; resulting in masses a factor of 0.77 lower than Salpeter;
see e.g. Hopkins & Beacom).
The results reveal a very good agreement between the predic-
tions based on the Hα star formation history of the Universe pre-
sented in this paper since z = 2.23 and the stellar mass density
evolution of the Universe, measured directly by many authors. The
results therefore indicate that at least since z = 2.23 the Hα star
formation history of the Universe is a very good representation of
the total star formation history of the Universe. It is possible to rec-
oncile the observed evolution of the stellar mass density with that
produced from the observed star formation history with very simple
assumptions, without the need to modify the IMF or have it evolve
as a function of time. The Hα analysis reveals that star formation
since z = 2.23 is responsible for 95% of the total stellar mass den-
sity observed today, with about half of that being assembled from
z ∼ 2.2 to z ∼ 1.2, and the other half since z ≈ 1.2. Note that
the same conclusion is reached if the stellar mass density at z = 0
is adopted for the normalisation (instead of that at z = 2.23), and
the measured Hα star formation history is used (with appropriate
recycling factor) to evolve this stellar mass density back to earlier
epochs. Moreover, if the star formation rate density continues to
decline with time in the same way as in the last∼ 11 Gyrs, the stel-
lar mass density growth will become increasingly slower, with the
stellar mass density of the Universe reaching a maximum which is
only 5% higher than currently.
5 CONCLUSIONS
This paper presents new results from a unique combination of wide
and deep narrow-band Hα surveys using UKIRT, Subaru and the
VLT. It has resulted in robust and equally selected samples of sev-
eral hundreds of Hα emitters in narrow redshift slices, allowing
to study and parameterise in a completely self-consistent way the
evolution of the Hα luminosity function over the last 11 Gyrs of
the Universe. The main results are:
• We robustly select a total of 1742, 637, 515 and 807 Hα emit-
ters (Σ>3, EW0(Hα)>25 A˚) across the COSMOS and the UDS
fields at z = 0.40, 0.84, 1.47 and 2.23, respectively. These are
by far the largest samples of homogeneously selected Hα emitters,
while the wide area and the coverage over two independent fields
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Figure 11. The Stellar Mass assembly growth inferred from the completely self-consistent Hα star formation history of the Universe over the last ∼ 11 Gyrs,
and the comparison with the observations of the stellar mass density over the same epochs. The results show a good agreement, suggesting that the Hα analysis
is indeed recovering essentially all the cosmic star formation happening since z = 2.23.
allows to greatly overcome cosmic variance and also assemble large
samples of more luminous galaxies.
• We find that the Hα luminosity function evolves significantly
from z ∼ 0 to z ∼ 2.2, with the bulk of the evolution being driven
by the continuous rise in L∗Hα by a factor of 10 from the local
Universe to z ∼ 2.2, which is well described by log L∗Hα(z) =
0.45z + 41.87
• By obtaining very deep data over a wide range of epochs, it is
found that the faint-end slope, α does not evolve with redshift up to
z ∼ 2.3, and is set to α = −1.60± 0.08 for the last 11 Gyrs (0 <
z < 2.2), contrarily to previous claims (based on heterogeneous
samples) which argued for a steepening with redshift.
• The evolution seen in the Hα luminosity function is in good
agreement with the evolution seen using inhomogeneous compila-
tions of other tracers of star formation, such as FIR and UV, jointly
pointing towards the bulk of the evolution in the last 11 Gyrs being
driven by a similar star-forming population across cosmic time, but
with a strong luminosity increase from z ∼ 0 to z ∼ 2.2.
• This is the first time Hα has been used to trace SF activity
with a single homogeneous survey at z = 0.4 − 2.23. The simple
parametrisations log ρSFR = −0.14T−0.23 (with T being the age
of the Universe in Gyrs) or log ρSFR = −2.1(z+1) are good approxi-
mations for the last 11 Gyrs, showing that ρSFR has been declining
since z ∼ 2.2.
• The results reveal that both the shape and normalisation of the
Hα star formation history are consistent with the measurements of
the stellar mass density growth, confirming that the Hα cosmic star
formation history is tracing the bulk of the formation of stars in the
Universe for z < 2.3.
• The star formation activity over the last≈ 11 Gyrs is responsi-
ble for producing ∼ 95% of the total stellar mass density observed
locally today, with about half of that being assembled from z ∼ 2.2
to z ∼ 1.2, and the other half at z < 1.2.
The results presented in this paper provide a self-consistent
view that improves our understanding of the evolution of star-
forming galaxies. Particularly, it shows that the evolution of the
star-forming population in the last 11 Gyrs has been mostly driven
by a change in the typical star formation rate of the population
(L∗Hα), while the faint-end slope of the Hα LF has remained con-
stant (α = −1.6), and the change in the normalisation has been
much more moderate. The strong evolution in L∗Hα (or SFR
∗) may
well be unveiling something very fundamental about the evolution
of star-forming galaxies, as it seems to mark a transition between
disk and mergers (e.g. S09) in the last 9-10 Gyrs. Also, scaling
SFRs by the SFR∗ at each epoch (or Hα luminosities by L∗Hα
at each epoch) seems to recover relatively non-evolving relations
between scaled SFRs/luminosities and e.g. dust extinction (S12),
morphological class (S09), merger rates (Stott et al., 2012), or the
typical dark matter halo in which the star-forming galaxies are
likely to reside (Sobral et al. 2010).
The results presented in this paper also complement the cur-
rent view on the evolution of the stellar mass function over the
last 11 Gyrs (e.g. Ilbert et al. 2009; Peng et al. 2010; March-
esini et al. 2012), which also reveal a non-evolving faint-end slope
(of the stellar mass function) at least for z < 2, but shallower,
α = −1.3. However, the typical mass of the stellar mass func-
tion, M∗, is found to be roughly constant in the last 11 Gyrs, with
the main change being φ∗, which continuously increases in the last
∼ 11 Gyrs. Combining the results of the evolution of the Hα lumi-
nosity function with those of the evolution of the stellar mass func-
tion point towards the existence of a star-forming population which
is mostly evolving by an overall decrease in their SFRs/luminosity,
c© 2012 RAS, MNRAS 000, 1–19
18 D. Sobral et al.
while the overall population of galaxies evolves by a change in
number density, but with a rather non-evolving typical mass (M∗),
a rather simple evolution scenario which is consistent with that pro-
posed by Peng et al. (2010).
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APPENDIX A: CATALOGUES OF CANDIDATE HIZELS
NARROW-BAND EMITTERS
The catalogues of potential narrow-band emitters over the COS-
MOS and UDS fields are presented in Tables A.1 (NB921), A.2
(NBJ), A.3 (NBH) and A.4 (NBK). It contains IDs (including
field and observing band), Right Ascension (RA), Declination
(Dec), narrow-band magnitude (NB), broad-band magnitude (BB),
the significance of the narrow-band excess (Σ), Estimated Flux
(log 10), estimated observed EW, and a flag for those that are clas-
sified as Hα. Note that only the online version contains the full cat-
alogue – here only five entries of the table are shown as examples
of the entire catalogues.
This paper has been typeset from a TEX/ LATEX file prepared by the
author.
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Table A1. A catalogue of all Σ > 3 NB921 narrow-band sources selected in the UDS and COSMOS fields from HiZELS. NB magnitudes are NB921 (AB);
BB are z′ magnitudes (AB). Note that on the printed version this only contains 5 entries, in order to provide some examples contained in the full catalogue.
The full catalogue is available on-line.
ID R.A. Dec. NB BB Σ log Flux EWobs Class. as Hα
(J2000) (J2000) (AB) (AB) erg s−1 A˚
HiZELS-COSMOS-NB921-S12-14 09 58 13.57 +02 17 15.6 23.86±0.11 24.85±0.08 13.6 −16.255 418.4 No
HiZELS-COSMOS-NB921-S12-105 09 59 57.96 +02 17 41.5 23.14±0.03 23.39±0.02 9.9 −16.132 119.8 No
HiZELS-COSMOS-NB921-S12-136 09 58 57.55 +02 17 45.0 21.64±0.01 22.11±0.01 56.5 −15.636 105.9 Yes
HiZELS-COSMOS-NB921-S12-4064 09 59 20.49 +02 20 54.5 22.06±0.01 22.21±0.01 14.3 −16.084 39.13 No
HiZELS-UDS-NB921-S12-220582 02 16 19.37 −05 13 54.2 22.37±0.01 22.65±0.01 55.6 −16.287 38.22 Yes
Table A2. A catalogue of all Σ > 3 NBJ narrow-band sources selected in the UDS and COSMOS fields from HiZELS. NB magnitudes are NBJ (Vega);
BB are J magnitudes (Vega). Note that on the printed version this only contains 5 example entries, in order to provide some examples contained in the full
catalogue. The full catalogue is available on-line.
ID R.A. Dec. NB BB Σ log Flux EWobs Class. as Hα
(J2000) (J2000) (Vega) (Vega) erg s−1 A˚
HiZELS-COSMOS-NBJ-S12-206 09 58 42.11 +01 58 40.5 21.58±0.20 22.83±0.23 3.5 −16.11 463.5 No
HiZELS-COSMOS-NBJ-S12-292 09 58 42.65 +02 27 24.2 20.51±0.08 20.85±0.05 3.7 −16.08 65.4 Yes
HiZELS-COSMOS-NBJ-S12-293 09 58 42.63 +02 19 53.2 20.84±0.10 21.46±0.07 4.4 −16.01 139.3 Yes
HiZELS-UDS-NBJ-S12-5 02 16 16.81 −05 09 09.2 20.51±0.08 20.85±0.05 5.4 −15.89 194.6 Yes
HiZELS-UDS-NBJ-S12-26 02 16 17.15 −05 07 42.4 20.84±0.10 21.46±0.07 4.6 −15.96 79.8 Yes
Table A3. A catalogue of all Σ > 3 NBH narrow-band sources selected in the UDS and COSMOS fields from HiZELS. NB magnitudes are NBH (Vega);
BB are H magnitudes (Vega). Note that on the printed version this only contains 5 example entries, in order to provide some examples contained in the full
catalogue. The full catalogue is available on-line.
ID R.A. Dec. NB BB Σ log Flux EWobs Class. as Hα
(J2000) (J2000) (Vega) (Vega) erg s−1 A˚
HiZELS-COSMOS-NBH-S12-206 09 57 47.31 +02 02 08.1 21.58±0.14 20.99±0.05 3.1 −15.98 251.4 No
HiZELS-COSMOS-NBH-S12-292 09 57 47.33 +01 51 53.1 20.51±0.02 18.33±0.01 12.1 −15.40 77.3 No
HiZELS-COSMOS-NBH-S12-293 09 57 47.65 +02 16 19.8 20.84±0.08 19.80±0.02 3.3 −15.87 101.8 No
HiZELS-UDS-NBH-S12-4012 02 16 44.17 −04 44 53.0 20.04±0.18 20.93±0.04 3.0 −15.87 308 Yes
HiZELS-UDS-NBH-S12-4136 02 16 45.35 −04 07 26.8 19.15±0.08 19.76±0.02 5.2 −15.64 171 Yes
Table A4. A catalogue of all Σ > 3 NBK narrow-band sources selected in the UDS and COSMOS fields from HiZELS. NB magnitudes are NBK (Vega);
BB are K magnitudes (Vega). Note that on the printed version this only contains 5 example entries, in order to provide some examples contained in the full
catalogue. The full catalogue is available on-line.
ID R.A. Dec. NB BB Σ log Flux EWobs Class. as Hα
(J2000) (J2000) (Vega) (Vega) erg s−1 A˚
HiZELS-COSMOS-NBK-S12-2227 09 58 14.05 +02 34 05.1 20.26±0.23 21.68±0.16 3.1 −16.31 728 Yes
HiZELS-COSMOS-NBK-S12-45390 10 00 59.58 +02 44 35.9 19.24±0.09 19.92±0.04 5.4 −16.09 208 No
HiZELS-COSMOS-NBKS12-44193 10 00 55.39 +01 59 55.1 19.02±0.06 19.68±0.02 7.6 −16.01 198 Yes
HiZELS-UDS-NBK-S12-15961 02 18 09.03 −04 47 49.9 17.47±0.02 18.27±0.01 30.6 −15.33 262 Yes
HiZELS-UDS-NBK-S12-22618 02 18 53.02 −05 01 07.7 19.36±0.10 20.02±0.02 4.5 −16.16 196 No
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